Examination of the phenotypic effects of specific mutations has been extensively used to identify candidate genes affecting traits of interest. However, such analyses do not reveal anything about the evolutionary forces acting at these loci, or whether standing allelic variation contributes to phenotypic variance in natural populations. The Drosophila gene methuselah (mth) has been proposed as having major effects on organismal stress response and longevity phenotype. Here, we examine patterns of polymorphism and divergence at mth in population level samples of Drosophila melanogaster, D. simulans, and D. yakuba. Mth has experienced an unusually high level of adaptive amino acid divergence concentrated in the intra-and extracellular loop domains of the receptor protein, suggesting the historical action of positive selection on those regions of the molecule that modulate signal transduction. Further analysis of single nucleotide polymorphisms (SNPs) in D. melanogaster provided evidence for contemporary and spatially variable selection at the mth locus. In ten surveyed populations, the most common mth haplotype exhibited a 40% cline in frequency that coincided with population level differences in multiple life-history traits including lifespan. This clinal pattern was not associated with any particular SNP in the coding region, indicating that selection is operating at a closely linked site that may be involved in gene expression. Together, these consistently nonneutral patterns of inter-and intraspecific variation suggest adaptive evolution of a signal transduction pathway that may modulate lifespan in nature.
T
he prevalence of genes of major effect for complex phenotypic traits such as lifespan remains unresolved. Although the number of genes underlying many quantitative traits may be quite high, there is mounting evidence that mutations at individual loci can substantially increase longevity in both Caenorhabditis elegans and Drosophila melanogaster (1, 2) . The potential for such candidate genes to contribute to genetic variance for lifespan is predicated on the existence of functionally significant variation segregating at these loci. Presently, there is relatively little information on patterns of variation and evolutionary forces acting at these genes. Furthermore, it is unknown whether genetic variation in natural populations is actively maintained by selection (3, 4) , or results from a balance between mutational input and selection against deleterious variants (5) . These competing hypotheses generate distinct predictions regarding patterns of intraspecific polymorphism and interspecific divergence. Population level DNA sequence data may therefore be used to distinguish between the effects of neutral and nonneutral evolutionary forces on specific genes implicated in aging and senescence.
The methuselah (mth) gene has been proposed as such a candidate in D. melanogaster. Flies homozygous for a single P-element insertion in the third intron lived 35% longer and exhibited increased stress resistance when compared with the progenitor line (6) . mth encodes a novel and yet uncharacterized GTP-binding protein-coupled seven-transmembrane domain receptor (GPCR), a diverse and functionally important group of receptor proteins involved in signal transduction. If age-and stress-related trait variation is modulated by signal transduction, it is of interest to determine which particular signaling elements of these pathways represent regulatory steps and may respond adaptively to selection on aging phenotype. Due to their position in the signal transduction pathway, regulatory control of the phenotypic response to a ligand-mediated signal may be primarily determined by the receptor (7) . Consequently, genetic variation at receptor loci may have a larger effect on phenotypic expression than does variation at downstream loci. Directed mutations in other GPCRs have been shown to affect agonistindependent receptor activity (8) , which can determine organismal phenotype (9) .
In this paper, we examine evolutionary dynamics at the mth locus as well as geographic patterns of allele frequency variation in natural populations of D. melanogaster. The data reveal consistently nonneutral patterns of amino acid divergence in the intracellular (IC) and extracellular (EC) loop domains of the mth protein, whereas the null hypothesis of evolutionary neutrality cannot be rejected for transmembrane regions. The common mth haplotype exhibits a strong cline in frequency along the east coast of the United States, providing further indication of natural selection at the mth locus. These data do not address whether mth is evolving in response to selection on longevity phenotype in natural populations. Rather, the consistent patterns of selection and adaptation we observed at the mth locus are consistent with its proposed effects on organismal phenotype. Sequencing. Genomic DNA was extracted from whole flies (10) . The mth gene was isolated by PCR using overlapping sets of primers; D. melanogaster primers were designed from genomic sequence obtained by a BLAST search of the Berkeley Drosophila Genome Database with the published mth cDNA sequence (6) . Where necessary, species-specific primers were designed for D. simulans and D. yakuba, and both the 5Ј and 3Ј ends of the mth sequence in D. yakuba were obtained by inverse PCR (11) . PCR products were purified and sequenced directly. Primary sequences for each species, ambiguous regions and replacement substitutions, and heterozygous sites in D. yakuba isofemale lines were verified on both strands. All sequences have been deposited in GenBank under accession numbers AF280552-AF280589.
Materials and Methods
Sequence Analysis. Sequences were aligned manually. DnaSPv3.14 (12) was used to generate estimates of the mutation parameter 4N e (; ref. 13 ) and average number of pairwise differences (; ref. 14) and was also used to examine sequence divergence between species. The neutrality of the mth gene was tested by comparing ratios of synonymous to replacement changes for polymorphic and divergent sites (15) .
SNPs Survey. A total of 533 third chromosomes were extracted by using the TM3 balancer from the following ten D. melanogaster populations: HFL97 (n ϭ 50; 25.2°N), MFL97 (n ϭ 52; 28.3°N), JFL97 (n ϭ 55; 30.2°N), SC97 (n ϭ 55; 33.2°N), NC97 (n ϭ 55; 35.3°N), VA97 (n ϭ 55; 37.3°N), MD97 (n ϭ 52; 39.3°N), CT97 (n ϭ 55; 41.2°N), MA97 (n ϭ 55; 42.0°N), and VT97 (n ϭ 49; 43.6°N). Population surveys of single nucleotide polymorphisms (SNPs) were conducted by restriction enzyme digestion of PCR products using BspHI (nucleotide position 531), BsmI (pos. 1048), MspI (pos. 1183), Tsp509I (pos. 1189), and PalI (pos. 1244).
Results and Discussion
Divergence. Comparisons between the sibling species D. melanogaster and D. simulans and an outgroup, D. yakuba, reveal that mth is one of the fastest evolving genes in Drosophila. Twentyeight replacement fixed differences were observed between D. melanogaster and D. simulans (Table 1) , and approximately one in every six amino acids is different between these species and D. yakuba. This extreme rate of amino acid evolution is not the result of increased mutational pressure, because the level of silent divergence at mth between D. melanogaster and D. simulans (K s ϭ 0.090) is similar to that reported for other Drosophila genes (16) . The mth gene is clearly under selective constraints, because the level of interspecific divergence for replacement sites remains much lower than that for synonymous sites.
If the elevated level of amino acid replacements at mth relative to other Drosophila genes was solely a consequence of low functional constraints, neutral theory predicts that the ratio of silent to replacement substitutions should be the same for polymorphisms within species and fixed differences between species (15). This prediction forms the basis of the McDonaldKreitman tests in Table 1 . For the complete mth coding region, the total number of mutational events observed across all three species indicated a significant excess of replacement fixed differences. This pattern is in sharp contrast to that exhibited by other rapidly evolving Drosophila genes, for which the high level of amino acid divergence appears to result from a combination of reduced constraints and fixation of slightly deleterious variants (17) . Given the level of silent divergence at mth between D. yakuba and D. melanogaster͞D. simulans (K s ϭ 0.26), less than 5% of silent sites would be expected to have mutated more than once. Adjusting the dataset to account for multiple hits at silent sites does not substantially alter the significance of the McDonald-Kreitman test.
To examine which portions of the mth molecule had experienced adaptive evolution, we divided the coding region into functional domains based on homology of mth to other GPCRs and Kyte-Doolittle hydropathy profiles (Fig. 1a) (6) . The large N-terminal segment of the mth protein (codons 1-219) projects outside the cell membrane and may be involved in ligand binding. McDonald-Kreitman tests for this region fail to reject the null hypothesis of neutrality ( Table 1 ). The C-terminal region of the molecule (codons 220-514) comprises the more highly conserved seven transmembrane domains that characterize GPCRs and the intervening EC and IC loops. The evolutionary history of these two functionally disparate regions has been quite distinct. Whereas a neutral pattern of evolution was observed in the transmembrane domains, a significant excess of replacement fixed differences was evident in the loops for both the D. melanogaster͞D. simulans comparison as well as the total number of mutational events across all three species (Table 1) . The EC and IC loops are responsible for the correct insertion (18) and Patterns of codon usage at mth are highly unusual. The codon bias value we calculated for mth (codon adaptation index (CAI) ϭ 0.264) is in the lowest ten percent for Drosophila genes (R. Kliman, unpublished data), and weak selection at silent sites would not be predicted (23) . Fixed silent differences were again assigned to the D. melanogaster and D. simulans lineages by polarization with the outgroup, D. yakuba. In D. simulans, an equal number of fixed silent mutations were from an unpreferred to a preferred state (n ϭ 3) and from a preferred to an unpreferred (n ϭ 2) codon. However, a significant deviation from expectation was observed in D. melanogaster; only one fixed silent difference was from an unpreferred to a preferred codon, but ten fixed silent differences were from a preferred to an unpreferred state (G ϭ 8.55, P Ͻ 0.01). This pattern may be typical of high codon bias genes (23), thought to reflect the reduced efficacy of weak selection in D. melanogaster because of lower effective population size (N e ), but is anomalous in a gene with such an apparent absence of codon bias.
Polymorphism. Similar to the data we obtained for divergence among species, the level of silent polymorphism at mth across species was similar to that of other genes, but amino acid polymorphism was unusually high (Table 2) (16). The proportion of polymorphisms that result in an amino acid change was higher in D. melanogaster (47%) than in D. simulans (27%), a commonly documented pattern that may reflect both the slightly deleterious nature of many amino acid polymorphisms and differences in N e between species (16). Also consistent with this hypothesis is our observation that eight of nine amino acid polymorphisms in D. melanogaster were segregating at relatively low frequency (Fig. 2) . It should be noted, however, that the proportion of replacement polymorphism for both D. melanogaster and D. simulans was approximately two times higher than the average for other genes in each species (16) . A very high level of amino acid polymorphism was also observed in D. yakuba (Table 1) .
The historical effects of positive or differentiating selection at mth, as indicated by the McDonald-Kreitman tests, did not coincide with a noticeably reduced level of intraspecific polymorphism in any species. Sufficient time has apparently elapsed since the most recent selective sweep(s) to allow the accumulation of polymorphism at mth. This inference was supported by examinations of site frequency distributions, which did not reveal any departures from neutrality by the Tajima test (24) Geographic Variation. We then investigated whether selection may be operating on specific polymorphic sites in the mth coding region in D. melanogaster. If variation at this locus contributes to genetic variance for lifespan, mth allele frequencies would be predicted to vary among populations that differ in longevity and other age-related traits. Isofemale lines collected from ten populations along a latitudinal gradient in North America demonstrated substantial clines in metabolic pools and lifehistory traits, and the northern-and southernmost populations significantly differed in average lifespan; Vermont males and females lived an average of 18% longer than Florida lines (L. M. Matzkin & W. F. Eanes, unpublished data). The pattern of geographic variation for longevity supports the life-history proposition that northern populations are characterized by increased lifespan. We scored 533 extracted third chromosomes from these ten populations for five of the six SNPs that reached appreciable frequencies in the 22 North American mth sequences listed in Fig. 2 . The distribution of these SNP sites along the mth gene is illustrated in Fig. 1b . This analysis included a single intron site, three silent sites, and a charge-changing histidine͞asparagine amino acid polymorphism in the receptor's third IC loop. In other GPCRs, this loop is responsible for G-protein coupling, and mutations of specific codons can have dramatic effects on receptor activity (8, 26) . Although the frequency of the His͞Asn replacement polymorphism was significantly variable among populations (G ϭ 22.24, P Ͻ 0.01), none of the five individual SNP sites demonstrated a pattern deviating from the null model of no clinal variation (e.g., Fig. 3b ). Given our relatively large sample size, which includes mth sequences from the highly divergent Zimbabwe population (27) , it is unlikely that we failed to observe any moderate to high frequency amino acid polymorphisms that may be segregating in D. melanogaster populations. However, mth haplotypes defined by the combination of nucleotide state at all of the five SNP sites demonstrated a strikingly clinal pattern; the most common mth haplotype, which constituted 36% of the haplotypes in the North American samples (Fig. 2) , exhibited a 40% cline in frequency across populations (Fig. 3a) . The clinally favored haplotype is present only in a single Zimbabwe allele, suggesting it may have risen to high frequency in northern North American populations subsequent to the species' introduction. The contrast between individual polymorphic sites and mth haplotypes suggests that selection is not operating at a particular site within the mth coding region in D. melanogaster populations (28) , but rather on an allelic haplotype that is defined by a combination of substitutions related by genealogy. This inference of spatially variable selection is further supported by evidence of high rates of gene flow in this species (29) and the absence of clinal patterns for synonymous sites at other loci (28) .
We interpret the mth cline as generated by disequilibrium between the overall coding region and a site that is under strong selection that varies along the sampled latitudinal gradient. Mth is located at band position 61C on the left arm of the third chromosome, a region predicted to be characterized by a slightly reduced rate of recombination (30) . However, DNA sequence variation at band 61 is still predicted to be relatively high ( ϭ 0.0055-0.0085 depending on strength of background selection and degree of dominance) (30) , and our observed nucleotide diversity estimates for mth (Table 1) are only slightly below average (16) . In our sample of 533 third chromosomes, the In(3L)Payne inversion was at very low frequency (Ͻ3%) and not associated with any one particular mth haplotype, therefore precluding any potential role of the inversion in generating the steep cline at mth. There is no evidence for larger regional effects of low recombination and genetic hitch-hiking seen in more extreme cases such as the tip of the X chromosome (31), and multiple recombination events are also evident in the mth dataset. Based on the SNPs data, a minimum of three recombination events were inferred between the following sites: 531-1048, 1048-1183, and 1189-1244. Furthermore, sequence data ( Fig. 2) revealed two additional recombination events between positions 126-451 and 451-535.
In principle, the cline in haplotype frequencies at mth could be generated by selection on an unrelated but linked site or on a site within the functional mth gene itself. Either a recently established disequilibrium with a distant but functionally unrelated site, or a close physical association between the mth coding region and the site under selection, would be required to explain our observations. The SNP͞haplotype analysis is currently being extended to include additional SNP sites encompassing the entire 5Ј end of the mth transcript as well as sites in the two loci flanking mth in both the 5Ј and 3Ј directions. Further examination of patterns of linkage disequilibrium in this chromosomal region and geographic variation for individual polymorphic sites and multilocus haplotypes may localize which particular sites generate the observed cline.
Conclusions
Signal transduction through GPCRs may be modulated in two primary ways: either by variation in the effective number of receptors available to the ligand or by structural modifications of various interactions between the receptor and other molecules that determine signal amplification and termination (7) . These interactions are determined by the GPCR loop domains, which are the portions of the molecule accessible for posttranslational modification. Our data suggest adaptive differentiation of the mth signal transduction pathway among Drosophila species. It remains to be seen whether other GPCR loci, in particular the various potential mth paralogs, evolve in a similar manner. As previously indicated (6) , variation in the expression of mth may be a crucial determinant of the organismal response to stress and may greatly affect lifespan. In natural populations, selection on mth may involve a pleiotropic tradeoff between longevity and other fitness-associated traits that are negatively affected. These trade-offs may vary in a latitudinal fashion. Our observations are consistent with this hypothesis and suggest that variation in cis-acting regulatory regions may be driving the mth cline in D. melanogaster. However, the link between existing variation at mth and genetic variance for longevity in natural populations has not been addressed. Functional studies of mth alleles identified in this study and further examination of the association between variation in mth allele frequency and longevity phenotype among natural populations should provide additional insights regarding the role of this gene in aging and senescence.
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